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Preface

The governments of Canada and the United States are committed to providing public access to environmental
information that is reported through the State of the Lakes Ecosystem Conference (SOLEC). This commitment is
integral to our mission to protect the environment and human health. To participate effectively in managing
human health and environmental risks, all Great Lakes stakeholders (e.g., federal, provincial, state and local
governments) as well as First Nations and Tribes; non-governmental organizations; industry; academia; private
citizens, should have access to accurate information of appropriate quality and detail.

Implementing Indicators 2003-A Technical Report is the complete compilation of the indicator reports developed
from the Implementing Indicators paper, circulated for review at SOLEC 2002. This technical report provides
fully referenced documentation for the information presented in each indicator report. The purpose of these
indicator reports is to outline the status of specific parameters within the basin in order to gauge the relative
health of the Great Lakes ecosystem. Some of these reports are updated annually while other reports have a less
frequent cycle of review. This reporting timeframe is based upon the nature of the indicator, research and
monitoring initiatives, and the rate of change in the specific indicator parameters within the Great Lakes basin.
The data presented in some cases is representative of the entire basin, while other indictors highlight only certain
geographic locations.

Summaries of these indicator reports have been included in the State of the Great Lakes 2003 report. Also
included in this standard report is a status report on each of the Great Lakes and connecting channels. These
summaries were primarily based on presentations made at SOLEC 2002 in Cleveland, Ohio. These presentations
along with the associated speaking notes can be viewed online at:

www.epa.gov/glnpo

To receive a copy of the State of the Great Lakes 2003 report please contact:

Environment Canada Environmental Protection Agency
Office of the Regional Science Advisor Great Lakes National Program Office
4905 Dufferin Street 77 West Jackson Blvd.

Downsview, Ontario Chicago, Illinois

Canada U.SA.

M3H 5T4 60604

http://www.binational .net/

This approach of dual reports, one relatively easy to read (Sate of the Great Lakes 2003 report) and one with
details and references to data sources (Implementing Indicators 2003 - A Technical Report), also satisfies Guidelines
for Ensuring and Maximizing the Quality, Objectivity, Utility, and Integrity of Information Disseminated by Federal
Agencies, OMB, 2002, (67 FR 8452). The guidelines were developed in response to U.S. Public Law 106-554; H.R.
5658, Section 515(a) of the Treasury and General Government Appropriations Act for Fiscal Year 2001.

The development and maintenance of the Great Lakes suite of indicators is an evolving process. Efforts are
underway to further refine this suite to ensure that the indicator information is accessible and to ensure that the
information being presented can be used to effectively assess the health and state of the Great Lakes ecosystem.
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IMPLEMENTING

Section 1
Indicator Assessments

1.1 StaTE INDICATOR REPORTS-PART 1

SUMMARY OF STATE INDICATORS-PART 1

The overall assessment for the State indicators is incomplete. Part One of this Assessment presents the
indicators for which we have the most comprehensive and current basin-wide information. Data presented in
Part Two of this report represent indicators for which information is not available year to year or are not
basin-wide across jurisdictions. Within the Great Lakes indicator suite, 38 have yet to be reported, or require
further development. In a few cases, indicator reports have been included that were prepared for SOLEC 2000,
but that were not updated for SOLEC 2002. The information about those indicators is believed to be still valid,
and therefore appropriate to be considered in the assessment of the Great Lakes. In other cases, the required
data have not been collected. Changes to existing monitoring programs or the initiation of new monitoring
programs are also needed. Several indicators are under development. More research or testing may be needed
before these indicators can be assessed.

Indicator Name

Assessment in 2000

Assessment in 2002

Salmon and Trout No Report Mixed

Walleye Good Mixed

Hexagenia Mixed, improving Mixed, improving
Preyfish Populations Mixed Mixed, deteriorating
Lake Trout Mixed Mixed

Abundance of Benthic Amphipod Diporeia | Mixed Mixed, deteriorating
Benthic Diversity and Abundance No Report Mixed
Phytoplankton Populations Not Assessed Mixed

Zooplankton Populations Not Assessed Mixed

Amphibian Diversity and Abundance

Mixed, deteriorating

Mixed, deteriorating

Wetland-Dependent Bird Diversity and
Abundance

Mixed, deteriorating

Mixed, deteriorating

Area, Quality and Protection of Alvar
Communities

Mixed

Mixed

Green represents an improvement of the indicator assessment from 2000.

Red represents deterioration of the indicator assessment from 2000.

Black represents no change in the indicator assessment from 2000, or where no previous
assessment exists.
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Salmon and Trout

Indicator ID #8

Assessment: Mixed

Purpose

This indicator shows trends in populations of
introduced trout and salmon species in the Great
Lakes basin. These trends have been used to evaluate
the resulting impact on native fish populations.

Ecosystem Objective

In order to manage Great Lakes fisheries, a common
fish community goal was developed for all
management agencies; “To secure fish communities,
based on foundations of stable self-sustaining stocks,
supplemented by judicious plantings of hatchery-
reared fish, and provide from these communities an
optimum contribution of fish, fishing opportunities
and associated benefits to meet needs identified by
society for: wholesome food, recreation, cultural
heritage, employment and income, and a healthy
aquatic ecosystem” (GLFC, 1997).

Each lake has individual Fish Community Goals and
Objectives (FCGO) for introduced trout and salmon
species, in order to establish harvest or yield targets
consistent with FCGO for lake trout restoration, and
in Lake Ontario, for Atlantic salmon restoration.

Lake Ontario (1999): Salmon and trout catch rates in
recreational fisheries continuing at early-1990s levels.
Lake Erie (1999 draft): Manage the eastern basin to
provide sustainable harvests of valued fish species,
including...lake trout, rainbow trout and other
salmonines.

Lake Huron (1995): A diverse salmonine community
that can sustain an annual harvest of 2.4 million kg
with lake trout the dominant species and anadromous
(stream-spawning) species also having a prominent
place.

Lake Michigan: A diverse salmonine community
capable of sustaining an annual harvest of 2.7 to 6.8
million kg (6 to 15 million Ib), of which 20-25% is lake
trout.

Lake Superior (1990): Achieve...an unspecified yield
of other salmonine predators, while maintaining a
predator/prey balance that allows normal growth of
lake trout.

Non-native salmonines have become a prominent
element in the Great Lakes ecosystem and an
important concept in Great Lakes fisheries
management objectives. The populations of
introduced salmonine species are managed to keep
alewife abundance below levels associated with the
suppression of native fishes, while avoiding wild
oscillations in predator-prey ratios and the
undermining of the integrity of the ecosystem. In
addition, they are also responsible for a substantial
economic impact, through the creation of recreational
fishing opportunities.

State of the Ecosystem

Non-native salmonine species are stocked in the Great
Lakes ecosystem for a dual purpose: 1) to exert a
biological control over alewife and rainbow smelt
populations (both exotics) and 2) to develop a new
recreational fishery (Rand and Stewart, 1998) after
decimation of the native top predator (lake trout) by
the exotic, predaceous sea lamprey.

Non-native salmonines are used as a tool for alewife
control. Alewives are viewed as a nuisance in the
system since they prey on the larvae of a variety of
native fishes, including yellow perch and lake trout,
and because when alewife become very abundant
massive die-offs can occur that foul beaches used for
recreation. In addition, thiaminase in alewives also
has been suggested to cause Early Mortality
Syndrome (EMS) in salmonines that consume alewife,
which is a threat for lake trout rehabilitation
prospects in Lakes Michigan, Huron and Ontario, and

Number of Fish (in Millions)

Year
[+ Ontario ——Erie —+—Huron -s— Michigan - Superior]

Figure 1.Total number of non-native salmon and

trout stocked in the Great Lakes, 1966-1998.
Source: Crawford, 2001
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Figure 2. Non-native salmonie stocking by species in the great Lakes, 1966-1998.

Source: Crawford, 2001

Atlantic salmon restoration in Lake Ontario.

A dramatic increase in stocking of non-native
salmonines occurred in the 1960s and 1970s, which is
now augmented by natural reproduction. It is
estimated from stocking data that ~745 million non-
native salmonines have been stocked in the Great
Lakes basin between 1966 and 1998 (Crawford, 2001).

Figure 1 shows the total amount of non-native
salmonine stocking occurring in the Great Lakes basin
from 1966-1998. From Figure 1 it is evident that Lake
Michigan is the most heavily stocked lake, with a
maximum stocking level in 1984 of 15,578,125 fish. In
contrast Lake Erie has the lowest rates of stocking,
with a maximum of 4,815,303 fish in 1977. Lakes
Ontario, Huron and Superior all seem to display a
similar trend in stocking, especially in recent years.
Since the late 1980s, the number of non-native
salmonines stocked in the Great Lakes has been
leveling off or slightly declining. This trend can be
explained by stocking limits implemented in 1993 by
fish managers to lower prey consumption by
salmonine species by 50% in Lake Ontario (Schaner et
al., 2001) and by the implementation of stocking
ceilings in Lakes Michigan and Huron, as alewife

populations are vulnerable to excessive salmonine
predation (Kocik and Jones, 1999).

Figure 2 shows the non-native salmonine stocking by
species in the Great Lakes basin from 1966-1998. It is
evident from Figure 2 that chinook salmon represents
the most heavily stocked non-native salmonine in the
Great Lakes basin over the study period, accounting
for ~45% of all salmonine releases (Crawford, 2001).
Chinook salmon are the least expensive of all non-
native salmonines to rear, they also prey almost
exclusively on alewife and are thus, the backbone of
stocking programs in alewife-infested lakes, such as
Lakes Michigan, Huron and Ontario. Like other
salmonines, chinook salmon are also stocked in order
to provide an economically important sport fishery,
which is a need, identified by society. While chinook
salmon have the greatest prey demand of all stocked
salmonines, an estimated 76, 000 tones of alewife are
consumed annually by all salmonine predators (Kocik
and Jones, 1999).

Future Pressures
Many of these introduced species are reproducing
successfully in portions of the basin, and can be

4
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considered to be “naturalized” components of the
ecosystem. Therefore, the question is no longer
whether non-native salmonines should be introduced,
but rather how to determine the appropriate
abundance of salmonine species in this system.

Rand and Stewart (1998), suggest that predatory
salmonines have the potential to create a situation
where prey (alewife) is limiting and ultimately
predator survival is reduced. For example, during the
1990s, chinook salmon in Lake Michigan suffered
dramatic declines due to high mortality and high
prevalence of Bacterial Kidney Disease (BKD), when
alewife was no longer abundant in the prey fish
community (Hansen and Holey, 2002). Therefore it is
evident that chinook salmon are extremely vulnerable
to low alewife abundance. In addition, it is estimated
that salmonine predators could have been consuming
as much as 53% of alewife biomass in Lake Michigan
annually (Brown et al., 1999). While suppressing
alewife populations, managers must seek to avoid
extreme “boom and bust” predator and prey
populations, a condition not conducive to biological
integrity. The current adaptive management objective
is to produce a predator/prey balance by adhering to
stocking ceilings established for each lake, based on
assessment of forage species and naturally produced
salmonines. Alewife populations in the Great Lakes
have now become an object of fisheries management
concern because of their importance as a forage base
for salmonine sport fishery, and to some managers are
no longer viewed as a nuisance (Kocik and Jones,
1999). Consequently, with finite prey and habitat
resources for salmonine production, each species will
exist at some expense to others. To date there is no
evidence that current levels of non-native salmonine
stocking are an impediment to the restoration of
native salmonines; however, there is no guarantee
that this will continue to be the case in the future.

Future Activities

Many of these salmonine species are still being
stocked in order to maintain an adequate population
to suppress non-native prey species (alewife) and for
recreational fisheries. It still remains unknown to
what extent stocking of these species (where it is still
practiced) should continue in order to avoiding
oscillations in the forage base of the ecosystem. More
research needs to be conducted to determine the
optimal number of non-native salmonines, to estimate

abundance of naturally produced salmonine species,
to assess the abundance of forage species, and to
better understand the role of non-native salmonines
and exotic prey species in the Great Lakes Ecosystem.
Fisheries managers also find it difficult to predict
appropriate stocking levels in the Great Lakes basin
because there is a delay before stocked salmon
become significant consumers of alewife; meanwhile
alewife can suffer severe die offs in particularly severe
winters. Within a natural ecosystem, there will always
be limits to the level of stocking that can be
adequately sustained, and this level is based on the
balance between bioenergetic demands of both
predator and prey (Kocik and Jones, 1999). Chinook
salmon will probably continue to be the most
abundantly stocked salmonine species in the basin,
since they are inexpensive to rear, feed heavily on
alewife, and a highly valued by recreational fishers.
Fisheries managers should continue to model, assess,
and practice adaptive management with the ultimate
objective being to meet the “needs identified by
society”.

Further Work Necessary

Data of both the number of stocked and naturally
produced salmonines and of prey fish abundance
(alewife) needs to be continually maintained in order
for fisheries managers to stock judiciously in
implementing adaptive management for predator/
prey balance, for recreational fisheries, and for a
healthy aquatic ecosystem. This indicator should be
reported frequently as salmonine stocking is a
complex and dynamic management intervention in
the Great Lakes Ecosystem.

Acknowledgments
Author: Melissa Greenwood, Environment Canada, Downsview, ON.
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Walleye

SOLEC Indicator #9
Assessment: Mixed

Purpose

Trends in walleye fishery yields generally reflect
changes in walleye health. As a top predator, walleyes
can strongly influence overall fish community
composition and affect the stability and resiliency of
Great Lakes aquatic communities. Therefore, walleye
health is a useful indicator of ecosystem health,
particularly in moderately productive (mesotrophic)
areas of the Great Lakes.

Ecosystem Objective

Protection, enhancement, and restoration of
historically important, mesotrophic habitats that
support natural stocks of walleye as the top predator
fish are necessary for stable, balanced, and productive
elements of the Great Lakes ecosystem.

State of the Ecosystem

Reductions in phosphorus loadings during the 1970s
substantially improved spawning and nursery habitat
for many fish species in the Great Lakes. Improved
mesotrophic habitats (i.e., western Lake Erie, Bay of
Quinte, Saginaw Bay, and Green Bay) in the 1980s,
along with interagency fishery management
programs that increased adult survival, led to a
dramatic recovery of walleyes in many areas of the
Great Lakes, especially in Lake Erie. High water
levels also may have played a role in the recovery in

6

some lakes or bays. Annual trends in fishery
harvests generally track walleye recovery in these
areas, with peak harvests occurring in the mid-1980s
to early 1990s followed by declines from the mid-
1990s through 2001 in most areas. Total yields were
highest in Lake Erie (averaged about 4,700 metric
tons, 1975-2001), intermediate in Lakes Huron and
Ontario (<300 metric tons in all years), and lowest in
Lakes Michigan and Superior (<10 metric tons).
Declines after the mid-1990s were likely related to
shifts in environmental states (i.e., from mesotrophic
to less favorable oligotrophic conditions), less
frequent production of strong hatches, changing
fisheries, and, perhaps in the case of Lake Erie, a
population naturally coming into balance with its
prey base. The effects of non-native species on the
food web or on walleye behavior (increased water
clarity can limit daytime feeding) also may have been
a contributing factor. In general, walleye yields
peaked under ideal environmental conditions and
declined under less favorable (i.e., non-mesotrophic)
conditions. Despite recent declines in walleye yields,
environmental conditions remain improved relative
to thel970s.

Future Pressures

Natural, self-sustaining walleye populations require
adequate spawning and nursery habitats. In the Great
Lakes, these habitats lie in tributary streams and
nearshore reefs, wetlands, and embayments and have
been used by native walleye stocks for thousands of
years. Degradation or loss of these habitats is the
primary concern for the future health of walleye
populations and can result from both human causes,
as well as from natural environmental variability.
Increased human use of nearshore and watershed
environments continue to alter the natural
hydrologic regime, affecting water quality (i.e.,
sediment loads) and rate of flow. Environmental
factors that affect precipitation patterns ultimately
alter water levels, water temperature, water clarity,
and flow. Thus, global warming and its subsequent
effects on temperature and precipitation in the Great
Lakes basin may become increasingly important
determinants of walleye health. Non-native
invaders, such as zebra and quagga mussels, ruffe,
and round gobies continue to disrupt the efficiency of
energy transfer through the food web.
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Figure 1. Recreational,commercial and tribal harvest of Walleye from the Great Lakes. Fish community
goals and objectives; Lake Huron: 700 metric tons; Lake Michigan: 100-200 metric tons; Lake Erie:

sustainable harvest in all basins.

Source: Fishery harvest data were obtained from Tom Stewart and Jim Hoyle (Lake Ontario-OMNR), Tom Eckhart and Steve Lapan (Lakes Ontario-
NYDEC), Karen Wright (Upper Lake tribal data-COTFMA), Dave Fielder (Lake Huron-MDNR), LIoyd Mohr (Lake Huron-OMNR), Terry Lychwyck (Green
Bay-WDNR), Bruce Morrison (Lake Erie-OMNR), Ken Cullis and Jeff Black (Lake Superior-OMNR), various annual OMNR and ODNR Lake Erie fisheries
reports, and the GLFC commercial fishery database
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Future Activities

Research is needed to identify further critical
reproductive habitats and how they are being affected
by environmental and anthropogenic disturbances.
This information is crucial to develop management
plans that carefully balance human demands with
ecosystem health. GIS technology will be the major
tool toward this endeavor. Continued development
and maintenance of long-term, geo-referenced
databases that encompass both ecological and
physical aspects of the Great Lakes basin are needed.
Ultimately, spatially explicit ecosystem models will be
developed to allow better forecasting of system
responses to management actions both within and
across all Great Lakes.

Further Work Necessary

Fishery yields can serve as appropriate indicators of
walleye health but only in a general sense. Yield
assessments are lacking for some fisheries
(recreational, commercial, or tribal) or in some years
for all of the areas. Moreover, measurement units are
not standardized among fishery types (i.e.,
commercial fisheries are measured in pounds while
recreational fisheries are typically measured in
numbers), which means additional conversions are
necessary and may introduce errors. Therefore, trends
in yields across time are probably better indicators
than absolute values within any year, assuming that
any introduced bias is relatively constant over time.
Given the above, a 10-year reporting cycle on this
indicator may be appropriate, and all agencies should
be encouraged to compile walleye harvest data from
their major fisheries. In light of serious fiscal
constraints now being imposed on virtually all
agencies, this recommendation may be difficult to
achieve.
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Hexagenia

SOLEC Indicator #9a

Assessment; Mixed Improving

Purpose

The distribution, abundance, biomass, and annual
production of the burrowing mayfly Hexagenia in
mesotrophic Great Lakes habitats is measured
directly and used as the indicator. Hexagenia is used as
an indicator of ecosystem health because it is
intolerant of pollution and is thus a good reflection of
water and lakebed sediment quality in mesotrophic
Great Lakes habitats, where it was historically the
dominant, large, benthic invertebrate and an
important item on the diets of may valuable fishes.

Ecosystem Objective

Historically productive Great Lakes mesotrophic
habitats e.g., western Lake Erie; the Bay of Quinte,
Lake Ontario; Saginaw Bay, Lake Huron; and Green
Bay, Lake Michigan, should be restored and
maintained as balanced, stable, and productive
elements of the Great Lakes ecosystem with
Hexagenia as the dominant, large, benthic
invertebrate.

State of the Ecosystem

Major declines in the abundance of Hexagenia and low
abundance or absence in some Great Lakes habitats
where they were historically abundant have been
linked to eutrophication and low dissolved oxygen in
bottom waters and to pollution of sediments by
metals and petroleum products. For example,
Hexagenia was abundant in the western and central
basins of Lake Erie in the 1930s and 1940s but an
extensive mortality occurred in 1953 in the eastern
portion of the western basin. The population there
recovered in 1954, but extirpation followed
throughout the western and central basins by the
early 1960s. Improvements in water and sediment
quality in historical Hexagenia habitat following the
imposition of pollution controls in the 1960s were not
immediately followed by the recovery of Hexagenia
populations. Surveys conducted by the USGS, Great
Lakes Science Center in spring 2001 revealed no
recovery of Hexagenia in Saginaw Bay. Evidence of the
beginnings of recovery of Hexagenia in Green Bay, and
full or nearly full recovery of the population in
western Lake Erie, indicate that these mesotrophic
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habitats can be considered healthy. Canadian
biologists report the recovery of Hexagenia in the Bay
of Quinte, Lake Ontario indicating pollution control
programs have significantly improved the health of
that habitat. Most of Lake St. Clair and portions of the
upper Great Lakes connecting channels support
populations of Hexagenia with the highest biomass
and production measured anywhere in North
America (Fig. 1). However, Hexagenia was extirpated
in polluted portions of the St. Marys and Detroit
Rivers by the mid-1980s and no recovery has yet been
reported for some of these areas.

The recovery of Hexagenia in western Lake Erie is a
signal event, which shows clearly that properly
implemented pollution controls can bring about the
recovery of a major Great Lakes mesotrophic
ecosystem. With its full recovery, the Hexagenia
population in western Lake Erie will probably reclaim
its functional status as a primary agent in sediment
bioturbation and as a trophic integrator directly
linking the detrital energy resource to fish, and
particularly the economically valuable yellow perch-
walleye community. The recovery of Hexagenia in
western Lake Erie also helps remind us of one
outstanding public outreach feature associated with
using Hexagenia as an indicator of ecosystem health-
the massive swarms of winged adults that are
typical of healthy, productive Hexagenia populations
in areas of historical abundance in the Great Lakes.
These swarms are highly visible to the public who
can use them to judge the success of water pollution
control programs and the health of Great Lakes
mesotrophic ecosystems.

Future Pressures

The virtual extirpation and delayed recovery of the
Hexagenia population in western Lake Erie was
attributed to the widespread, periodic occurrence of
anoxic bottom waters resulting from nutrient inputs
in sewage and runoff from agricultural lands, and to
toxic pollutants, including oil and heavy metals,
which accumulated and persisted in the lakebed
sediments. Most point source inputs are now
controlled, but in-place pollutants in lakebed
sediments appear to be a problem in some areas.
Paved surface runoff, spills of pollutants, and
combined sewer overflows also pose a major problem
in some urban and industrial areas. Phosphorus
loadings still exceed guideline levels in some portions
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Figure 1. Mean annual biomass and production of

Hexagenia populations in North America.
Source: T.A. Edsall, R.C. Haas, and J.V. Adams, 2001.

of the Great Lakes and loadings may increase as the
human population in the Great Lakes basin grows.

The effects of non-native species on Hexagenia and its
usefulness as an indicator of ecosystem health are
unknown and may be problematic. It has been
postulated that the colonization of the western basin
of Lake Erie by the zebra mussel (Dreissena polymorpha)
and the recovery of Hexagenia are linked causally, but
no specific mechanism has yet been proposed.
Support for zebra mussel as a major factor in the
recovery of Hexagenia in the western basin is perhaps
eroded by the fact that Saginaw Bay, Lake Huron, is
also heavily colonized by the zebra mussel, but the
Hexagenia population there, which collapsed in 1955-
1956, still has not shown signs of recovery. A survey
conducted by the USGS in spring 2001 at 49 stations
(total of 140 Ponar grab samples) yielded only one
Hexagenia nymph.

Future Activities

Regulate point sources and non-point sources of
pollution and sharply reduce spills of pollutants in
the basin to improve and maintain Great Lakes water
and sediment quality consistent with the
environmental requirements of healthy, productive
populations of Hexagenia. Continue development and
application of technology and practices designed to
restore lakebed and riverbed sediment quality in
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Figure 2. Areas of recovery and non-recovery of

mayflies (Hexagenia) in the Great Lakes.
Source: T.A. Edsall, M.T. Bur, O.T. Gorman, and J.S. Schaeffer, 2002

Areas of Concern (AOCs) and critical Hexagenia
habitat areas that have problem levels of persistent,
in-place pollutants.

Further Work Necessary

1. Develop a monitoring program and collect baseline
data for Hexagenia populations in all major, historical,
Great Lakes mesotrophic habitats so that changes in
ecosystem health can be monitored and reported,
management strategies evaluated and improved, and
corrective actions taken to improve ecosystem health
and to judge progress toward reaching interim and
long term targets and goals.

2. Implement a new labor-saving monitoring protocol
involving sampling in late spring, immediately prior
to the annual emergence of adults and washing the
samples on a 3.2-mm screen. This approach allows
either the number or biomass of the nymphs on the
screen to serve as the metric representing the status of
the nymphal population and the health of the
ecosystem (Fig 2).

3. Conduct studies needed to describe the interactions
between Hexagenia and introduced aquatic species
and the effect of those species, if any, on the utility of
Hexagenia as an indicator of ecosystem health.
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Preyfish Populations

Indicator ID #17
Assessment: Mixed Deteriorating

Purpose

To directly measure abundance and diversity of
preyfish populations, especially in relation to the
stability of predator species necessary to maintain
the biological integrity of each lake.

Ecosystem Objective

The importance of preyfish populations to support
healthy, productive populations of predator fishes is
recognized in the FCGOs for each lake. For example,
the fish community objectives for Lake Michigan
specify that in order to restore an ecologically
balanced fish community, a diversity of prey species
at population levels matched to primary production
and predator demands must be maintained. This
indicator also relates to the 1997 Strategic Great
Lakes Fisheries Management Plan Common Goal
Statement for Great Lakes fisheries agencies.

The preyfish assemblage forms important trophic
links in the aquatic ecosystem and constitute the
majority of the fish production in the Great Lakes.
Preyfish populations in each of the lakes are
currently monitored on an annual basis in order to
quantify the population dynamics of these important
fish stocks leading to a better understanding of the
processes that shape the fish community and to
identify those characteristics critical to each species.
Populations of lake trout, Pacific salmon, and other
salmonids in have been established as part of
intensive programs designed to rehabilitate (or
develop new) game fish populations and commercial
fisheries. These economically valuable predator
species sustain an increasingly demanding and
highly valued fisheries and information on their
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status is crucial. In turn, these apex predators are
sustained by forage fish populations. In addition, the
bloater and the lake herring, which are native
species, and the rainbow smelt are also directly
important to the commercial fishing industry.
Therefore, it is very important that the current status
and estimated carrying capacity of the preyfish
populations be fully understood in order to fully
address (1) lake trout restoration goals, (2) stocking
projections, (3), present levels of salmonid abundance
and (4) commercial fishing interests.

Features

The segment of the Great Lakes’ fish communities
that we classify as preyfish comprises species —
including both pelagic and benthic species — that prey
on invertebrates for their entire life history. As adults,
preyfish depend on diets of crustacean zooplankton
and macroinvertebrates Diporeia and Mysis. This
convention also supports the recognition of particle-
size distribution theory and size-dependent ecological
processes. Based on size-spectra theory, body size is
an indicator of trophic level and the smaller, short-
lived fish that constitute the planktivorous fish
assemblage discussed here are a discernable trophic
group of the food web. At present, bloaters (Coregonus
hoyi), lake herring (Coregonus artedi), rainbow smelt
(Osmerus mordax), alewife (Alosa pseudoharengus), and
deepwater sculpins (Myoxocephalus thompsoni), and to
a lesser degree species like lake whitefish (Coregonus
clupeaformis), ninespine stickleback (Pungitius
pungitius) and slimy sculpin (Cottus cognatus)
constitute the bulk of the preyfish communities.

In Lake Erie, the prey fish community is unique
among the Great Lakes in that it is characterized by
relatively high species diversity. The prey fish
community comprises primarily gizzard shad
(Dorosoma cepedianum) and alewife (grouped as
clupeids), emerald (Notropis atherinoides) and spottail
shiners (N. hudsonius), silver chubs (Hybopsis
storeriana), trout-perch (Percopsis omiscomaycus), round
gobies (Neogobius melanostomus), and rainbow smelt
(grouped as soft-rayed), and age-0 yellow (Perca
flavescens) and white perch (Morone americana), and
white bass (M. chrysops) (grouped as spiny-rayed).

State of the Ecosystem
Lake Ontario: Alewives and to a lesser degree
rainbow smelt dominate the preyfish population.

Alewives declined to a low level in 2002 after being
driven to intermediate levels in 2000-2001 by an
exceptionally strong 1998 year class and a strong 1999
year class; although alewives produced a weak year
class in 2000, they produced a strong year class in
2001. Rainbow smelt were at record low levels in
2000-2002; a paucity of large individuals indicates
heavy predation pressure. Alewife and rainbow smelt
moved to deeper water in the early 1990s when zebra
and quagga mussels colonized the lake and they
remain in deeper water to this day. Slimy sculpin
populations declined coincident with the collapse of
Diporeia and show no signs of returning to former
levels of abundance. No deepwater sculpins were
caught in 2000-2001. Assessment for Lake Ontario:
Mixed, deteriorating.

Lake Erie: The prey fish community in all three basins
of Lake Erie has shown declining trends. In the
eastern basin, rainbow smelt have shown declines in
abundance over the past two decades, although slight
increases have occurred in the past couple years. The
declines have been attributed to lack of recruitment
associated with expanding Driessenid colonization
and reductions in productivity. The western and
central basins also have shown declines in forage fish
abundance associated with declines in abundance of
age-0 white perch and rainbow smelt, respectively.
The clupeid component of the forage fish community
has shown no overall trend in the past decade,
although gizzard shad and alewife abundance has
been quite variable across the survey period. The
biomass estimates for western Lake Erie were based
on data from bottom trawl catches, data from acoustic
trawl mensuration gear, and depth strata
extrapolations (0-6 m, and >6 m). Assessment for
Lake Erie: Mixed, deteriorating.

Lake Michigan: In recent years, alewife biomass has
remained at consistently lower levels compared to the
1970-1980s. Some increase in abundance is noted with
strong 1995 and 1998 year classes, but the current low
population levels appear to be driven in large part by
predation pressure. Rainbow smelt have declined and
remain at lower levels, possibly due to predation.
Bloater biomass has declined steadily since 1990 and
is attributed to a lack of recruitment and slow growth.
Bloaters are expected to decline further, but may
rebound as part of an anticipated natural cycle in
abundance. Sculpins remain at the same level of
abundance and continue to contribute a significant
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Figure 1. Preyfish population trends in the Great Lakes.Thered lines indicate the general trend in overall
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vertical scale, and comparisons between Lakes may be misleading. Overall trends over time provide

information on relative abundances.
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portion of the preyfish biomass. No age-0 yellow
perch were caught in 2001, indicating another failed
year class in a series since 1989. Lake-wide biomass of
Dreissenid mussels increased between 1999 and 2001
(with the quagga mussel invasion just beginning)
while Diporeia populations continue to decline.
Assessment for Lake Michigan: Mixed, deteriorating.

Lake Huron: Similar to Lake Michigan, the decline in
bloater abundance has resulted in shift in an

increased proportion of alewives in the preyfish
community. The changes in the abundance and age
structure of the prey for salmon and trout to
predominantly younger, smaller fish suggests that
predation pressure is an important force in both
alewife and rainbow smelt populations. Sculpin
populations have varied, but have been at lower
levels in recent years. No sampling was conducted in
L. Huron in 2000 but was resumed in 2001. In 2001
bloater and rainbow smelt continued to decline in
importance while alewife continued to increase due in
part to a particularly strong 2001 year class. Alewife
regained their position as the dominant preyfish
species in Lake Huron, largely as a result of a series of
strong year classes since 1998. Whitefish continue to
decline from peak levels in the mid 1990s. Overall, the
L. Huron fish community is dominated by non-native
species, notably alewife. Round gobies and
Driessenid mussels are proliferating throughout the
lake and increasing in abundance. Assessment for
Lake Huron: Mixed, deteriorating.

Lake Superior: Over the past 10-15 years, prey fish
populations declined in total biomass when
compared to the peak years in 1986, 1990, and 1994, a
period when lake herring was the dominant prey fish
species and wild lake trout populations were starting
to recover. Since the early 1980s, dynamics in the total
biomass of prey fish has been driven largely by
variation in recruitment of age-1 lake herring. Strong
year classes in 1984, 1989, and 1998 were largely
responsible for peak lake herring biomass in 1986,
1990-1994, and 1999. Biomass of rainbow smelt, the
dominant prey fish during 1978-1984, has declined
but has been relatively constant over the past 10
years. Bloater biomass has nearly doubled since the
early 1980s but like smelt, has been more constant
than lake herring. The rise and fall of total prey fish
biomass over the period 1984-2001 reflects the
recovery of wild lake trout stocks and resumption of
commercial harvest of lake herring in Lake Superior.

Increases in prey fish populations are not likely
without reductions in harvest by predators and
commercial fisherman. Other species, notably
sculpins, burbot, and stickleback have declined in
abundance since the recovery of wild lake trout
populations in the mid-1980s. Thus, the current state
of the Lake Superior fish community appears to be
largely the result of the recovery of wild lake trout
stocks coupled with the resumption of human harvest
of key prey species. Assessment for Lake Superior:
Mixed, improving.

Future Pressures

The influences of predation by salmon and trout on
preyfish populations appear to be common across all
lakes. Additional pressures from Dreissena
populations are apparent in Lakes Ontario, Erie, and
Michigan. “Bottom-up” effects on the prey fishes have
already been observed in Lake Ontario following the
dreissenid-linked collapse of Diporeia and are likely to
become apparent in lakes Michigan and Huron as
Dreissenids expand and Diporeia decline.
Furthermore, anecdotal observations in Lake Ontario
indicate that Mysis are declining as Dreissenids
proliferate in profundal waters, suggesting that
dynamics of prey fish populations in future years
could be driven by bottom-up rather than top-down
effects in lakes Michigan, Huron, and Ontario.

Future Activities

Recognition of significant predation effects on
preyfish populations has resulted in recent salmon
stocking cutbacks in Lakes Michigan, Huron, and
Ontario. However, even with a reduced population,
alewives have exhibited the ability to produce strong
year classes such that the continued judicious use of
artificially propagated predators seems necessary to
avoid domination by alewife. It should be noted that
this is not an option in Lake Superior since lake trout
and salmon are largely lake-produced. Potential
“bottom-up” effects on prey fishes would be difficult
in any attempt to mitigate owing to our inability to
affect changes - this scenario only reinforces the need
to avoid further introductions of exotics into the Great
Lake ecosystems.

Further Work Necessary

It has been advanced that in order to restore an
ecologically balanced fish community, a diversity of
prey species at population levels matched to primary
production and predator demands must be

13




IMPLEMENTING

INDICATORS 2003

A TECHNICAL REPORT

maintained. However, the current mix of native and
naturalized prey and predator species, and the
contributions of artificially propagated predator
species into the system confound any sense of balance
in lakes other than Superior. The metrics of ecological
balance as the consequence of fish community
structure are best defined through food-web
interactions. It is through understanding the
exchanges of trophic supply and demand that the fish
community can be described quantitatively and
ecological attributes such as balance can be better
defined and the limits inherent to the ecosystem
realized.

Continued monitoring of the fish communities and
regular assessments of food habits of predators and
prey fishes will be required to quantify the food-web
dynamics in the Great Lakes. This recommendation is
especially supported by continued changes that are
occurring not only in the upper but also in the lower
trophic levels. Recognized sampling limitations of
traditional capture techniques (bottom trawling) has
prompted the application of acoustic techniques as
another means to estimate absolute abundance of
prey fishes in the Great Lakes. Though not an
assessment panacea, hydro-acoustics has provided
additional insights and has demonstrated utility in
the estimates of preyfish biomass.

It is obvious that protecting or reestablishing rare or
extirpated members of the once prominent native
prey fishes, most notably the various members of the
whitefish family (Coregonus spp), should be a priority
in all the Great Lakes. This recommendation would
include the deepwater cisco species and should be
reflected in future indicator reports. Lake Superior,
whose preyfish assemblage is dominated by
indigenous species and retains a full complement of
ciscos, should be examined more closely to better
understand the trophic ecology of a more natural
system.

With the continuous nature of changes that seems to
characterize the prey fishes, the appropriate
frequency to review this indicator is on a 5-year basis.
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Lake Trout

SOLEC Indicator #93
Note: This indicator has been split from *“Lake Trout and
Scud”

Assessment: Mixed

Purpose

This indicator tracks the status and trends in lake
trout populations, and will be used to infer the basic
structure of the cold water predator community and
the general health of the ecosystem. Lake trout were
historically the principal salmonine predator in the
coldwater communities of the Great Lakes. By the late
1950s, lake trout were extirpated throughout most of
the Great Lakes mostly from the combined effects of
sea lamprey predation and over fishing. Restoration
efforts began in the early 1960s with chemical control
of sea lamprey, controls on exploitation, and stocking
of hatchery-reared fish to rebuild populations. Full
restoration will not be achieved until natural
reproduction is established and maintained to sustain
populations. To date, only Lake Superior has that
distinction.

Ecosystem Objective

Self-sustaining, naturally reproducing populations
that support target yields to fisheries are the goal of
the lake trout restoration program. Target yields
approximate historical levels of lake trout harvest or
adjusted to accommodate stocked non-native
predators such as Pacific salmon. These targets are 4
million pounds (1.8 million kg) from Lake Superior,
2.5 million pounds (1.1 million kg) from Lake
Michigan, 2.0 million pounds (0.9 million kg) from
Lake Huron and 0.1 million pounds (0.05 million kg)
from Lake Erie. Lake Ontario has no specific yield
objective but has a population objective of 0.5-1.0
million adult fish that produce 100,000 yearling
recruits annually through natural reproduction.
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State of Ecosystem

Lake trout abundance dramatically increased in all
the Great Lakes after initiation of sea lamprey control,
stocking, and harvest control. Natural reproduction
from large parental stocks of wild fish is occurring
throughout Lake Superior supports both onshore
and offshore populations, and it may be approaching
historical levels. Stocking there has been largely
discontinued. Sustained natural reproduction, albeit
at low levels, has also been occurring in Lake Ontario
since the early 1990s, and in isolated areas of Lake
Huron, but has been largely absent elsewhere in the
Great Lakes. Parental stock sizes of hatchery-reared
fish are relatively high in Lake Ontario and southern
Lake Huron and in a few areas of Lake Michigan, but
sea lamprey predation, fishery extractions, and low
stocking densities have limited population expansion
elsewhere.

Future Pressures

Sea lamprey continue to limit population recovery,
particularly in northern Lake Huron. Fishing
pressures also continue to limit recovery. More
stringent controls on fisheries are required to increase
survival of stocked fish. In northern Lake Michigan
parental stock sizes are low and young in age due to
low stocking densities and moderate fishing
mortality, hence egg deposition is low in most
historically important spawning areas. High
biomass of alewives and predators on lake trout
spawning reefs are thought to inhibit restoration
through egg and fry predation, although the
magnitude of this pressure is unclear. A diet
dominated by alewives may be limiting fry survival
(early mortality syndrome) through thiamine
deficiencies. The loss of Diporeia and dramatic
reductions in the abundance of slimy sculpins is
reducing prey for young lake trout and may be
affecting survival. Current strains of lake trout
stocked may not be appropriate for offshore habitats
therefore limiting colonization potential.

Future Activities

Continued sea lamprey control, especially on the St.
Marys River is required to increase survival of lake
trout to adulthood. New sea lamprey control options,
which include pheromone systems that increase
trapping efficiency and disrupt reproduction, are
being researched and hold promised for improved
control. Continued and enhanced control on

exploitation is being improved through population
modeling in the upper Great Lakes but needs to be
applied throughout the basin. Stocking densities need
to be increased in some areas, especially in Lake
Michigan and the use of alternate strains of lake trout
from Lake Superior could be candidates for deep,
offshore areas not colonized by traditional strains
used for restoration. The relationship between early
mortality syndrome and alewives as prey needs to be
further investigated to account for inconsistent
experimental and empirical results. Directly stocking
of yearling or eggs on traditional spawning sites
should be used where possible to enhance
colonization.

Further Work Necessary

Reporting frequency should be every 5 years.
Monitoring systems are in place but in most lakes
measures do not directly relate to stated harvest
objectives. Objectives may need to be redefined as
end points in units measured by the monitoring
activities.
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Abundances of the Benthic Amphipod

Diporeia

SOLEC Indicator #93a

Note: This indicator has been split from “Lake Trout and
Scud” and has a new title

Assessment: Mixed Deteriorating

Purpose

This indicator provides a measure of the biological
integrity of the offshore regions of the Great Lakes
and consists of assessing the abundance of the
benthic macroinvertebrate Diporeia. This glacial-
marine relict is the most abundant benthic organism
in cold, offshore regions (>30 m) of each of the lakes. It
is present, but less abundant in nearshore regions of
the open lake basins, and is naturally absent from
shallow, warm bays, basins, and river mouths.
Diporeia occurs in the upper few centimeters of
bottom sediment and feeds on algal material that
freshly settles to the bottom from the water column
(i.e. mostly diatoms). In turn, it is fed upon by almost
all species of fish. In particular, Diporeia is fed upon by
many forage fish species, and these species serve as
prey for the larger fish such as trout and salmon. For
example, sculpin feed almost exclusively upon
Diporeia, and sculpin are fed upon by lake trout. Also,
lake whitefish, an important commercial species,
feeds heavily on Diporeia. Thus, Diporeia is an
important pathway by which energy is cycled
through the ecosystem, and a key component in the
food web of offshore regions. The importance of this
organism is recognized in the Great Lakes Water
Quiality Agreement (Supplement to Annex 1-Specific
Objectives).

Ecosystem Objective

The ecosystem objective is to maintain a healthy,
stable population of Diporeia in offshore regions of the
main basins of the Great Lakes, and to maintain at
least a presence in nearshore regions. On a broad
scale, abundances are directly related to the amount
of food settling to the bottom, and population trends

reflect the overall productivity of the ecosystem.
Abundances can also vary somewhat relative to
shifts in predation pressure from changing fish
populations. In nearshore regions, this species is
sensitive to local sources of pollution.

State of the Ecosystem

Populations of Diporeia are currently in a state of
dramatic decline in portions of Lakes Michigan,
Ontario, Huron, and eastern Lake Erie. Populations
appear to be stable in Lake Superior. In all the lakes
except Superior, abundances have decreased in both
nearshore and offshore areas over the past 12 years,
and large areas are now completely devoid of this
organism. Areas where Diporeia is known to be rare or
absent include the southern/southeastern and
northern portions of Lake Michigan at depths <70 m
(Figure 1), almost all of Lake Ontario (Figure 2) at
depths <70 m, the entire southern end of Lake Huron,
and the eastern basin of Lake Erie. In other areas of
these lakes, Diporeia is still present, but abundances
are lower than those reported in the 1970s and 1980s.
In all the lakes, population declines coincided with
the introduction and rapid spread of the zebra
mussel, Dreissena polymorpha, and the quagga mussel,
Dreissena bugensis. These two species were introduced
into the Great Lakes in the late 1980s via the ballast
water of ocean-going ships. Reasons for the negative
response of Diporeia to these mussel species are not
entirely clear. At least one initial hypothesis was that
dreissenid mussels were out-competing Diporeia for
available food. That is, large mussel populations were
filtering food material before it reached the bottom,
thereby decreasing amounts available to Diporeia.
More recent evidence suggests that the reason for the
decline is more complex than a simple decline in
food: 1) Diporeia is completely absent from areas
where food is still settling to the bottom and where
there are no local populations of mussels; 2) the
physiological condition of individual animals shows
no signs of food deprivation even as population
numbers are decreasing.

Future Pressures

As populations of dreissenid mussels continue to
expand, it may be expected that declines in Diporeia
will become more extensive. In the open waters of
Lake Michigan, zebra mussels are most abundant at
depths of 30-50m, as noted, and Diporeia are now gone
from lake areas as deep as 70m. Since quagga mussels
have recently been found in both Lakes Michigan and
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Figure 1. Density (numbers/m?2x 108) of scud (Diporeia)in Lake Michigan in 1994-1995 and in 2000. Over

the entire Lake, populations declined 68% over this time period.
Source: Great Lakes Environmental Research Laboratory, National Oceanic and Atmospheric Administration

Huron, and quagga mussels tend to occur deeper
than zebra mussels, the decline or complete loss of
Diporeia will likely extend to depths greater than
70m in these two lakes.

Future Activities

Because of its key role in the food web of offshore
regions of the Great Lakes, trends in Diporeia
populations should be closely monitored. Continued
monitoring will not only provide information on the
extent of the decline, but also provide a better
understanding of linkages to dreissenid populations.
In addition, impacts on the offshore food web need to
be defined. Recent evidence suggests that fish species
most dependent upon Diporeia as a food source are
being affected. For instance, in Lake Michigan the

18

condition of lake whitefish has declined significantly
in areas where Diporeia abundances are low.

Further Work Necessary

Because of the rapid rate at which Diporeia is declining
and its significance to the food web, agencies should
report data in a timely manner. The population
decline has a defined natural pattern, and studies of
food web impacts should be spatially well
coordinated. Also, studies to define the cause of the
negative response of Diporeia to Dreissena should
continue. With an understanding of exactly why
Diporeia populations are declining, we may better
predict what additional areas of the lakes are at risk.




IMPLEMENTING

A TECHNICAL

10 000
1997 _.v-ﬁ",%f- 'Jrqr
% I|
' 5000
1998 s - 0
= S . W o
- A P |

Figure 2. Density (numbers/m?x 10%) of scud
(Diporeia) in Lake Ontario in 1994, 1997 , and
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Benthic Diversity and
Abundance-Aquatic

Oligochaete Communities

SOLEC Indicator #104
Note: This indicator has been split from “Lake Trout and
Scud” and has a new title

Assessment: Mixed

Purpose

To assess species diversity and abundance of aquatic
oligochaete communities in order to determine the
trophic status and relative health of benthic
communities in the Great Lakes.

Ecosystem Objective

Develop a measure of biological response to organic
enrichment of sediments based on Milbrink’s (1983)
Modified Environmental Index. This measure will
have wide application in nearshore, profundal,
riverine, and bay habitats of the Great Lakes. This
indicator supports Annex 2 of the Great Lakes Water
Quality Agreement.

State of the Ecosystem

Shortly after intensive urbanization and
industrialization during the first half of the 20th
century, pollution abatement programs were initiated
in the Great Lakes. Slowly, degraded waters and
substrates, especially in shallow areas, began to
improve in quality. By the early 1980s, abatement
programs and natural biological processes changed
habitats to the point where aquatic species tolerant
of heavy pollution began to be replaced by species
intolerant of heavy pollution.

Use of Milbrink’s index values to characterize aquatic
oligochaete communities provided one of the earliest
measures of habitat quality improvements (e.g.,
western Lake Erie). This index has been used to
measure changing productivity in waters of North
America and Europe and, in general, appears to be a
reasonable measure of productivity in waters of all
the Great Lakes (Figures 1 and 2). Most index values
from sites in the upper Lakes are relatively low and
fall into the oligotrophic category, whereas index
values from sites in known areas of higher
productivity (e.g., nearshore southeastern Lake
Michigan; Saginaw Bay, Lake Huron) exhibit higher
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index values. Sites in Lake Erie, which exhibit the
highest index values, generally fall in the
mesotrophic to eutrophic range, while in Lake
Ontario nearshore sites are classified as mesotrophic,
and offshore sites are oligotrophic.

Future Pressures

At present, future pressures that may change
suitability of habitat for aquatic oligochaete
communities are unknown. Undoubtedly, pollution
programs and natural processes will continue to
improve water and substrate quality. However,
measurement of improvements could be over-
shadowed by things such as zebra and quagga
mussels, which were an unknown impact only 10
years ago. Possible pressures include non-point
pollution, regional temperature and water level
changes, and discharges of contaminants such as
pharmaceuticals, as well as from an as yet unforeseen
source.

Future Activities
Continued pollution abatement programs aimed at
point source pollution will continue to reduce
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Figure 1. Milbrink’s (1983) Modified Environmental
Index applied to benthic oligochaete community

datafrom GLNPO’s 1999 summer survey.
Source: Barbiero, Richard P. and Marc Tuchman, 2002
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undesirable productivity and past residual
pollutants-as a result, substrate quality will
improve.

Whatever future ecosystem changes occur in the
Great Lakes, it is likely aquatic oligochaete
communities will respond early to such changes.

Further Work Necessary
Biological responses of aquatic oligochaete
communities are excellent indicators of substrate
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Figure 2. Scatter plots of values of Milbrink’s (1983)
Modified Environmental Index, applied to data from

GLNPO’s 1997-1999 summer surveys.
Source: U.S. Environmental Protection Agency, 1997-1999.
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quality, and when combined with a temporal
component allow the determination of subtle changes
in environmental quality, possibly decades before
single species indicators. It is only in the past few
years, however, that this benthic index has been
routinely applied to the open waters of all the Great
Lakes. It is therefore critical that routine monitoring
of oligochaete communities in the Great Lakes
continue. In addition, oligochaete taxonomy is a
highly specialized and time consuming discipline,
and the classification of individual species responses
to organic pollution is continually being up-dated. As
future work progresses it is anticipated that the
ecological relevance of existing and new species
comprising the index will increase. It should be noted
that even though this index only addresses responses
to organic enrichment in sediments, it may be used
with other indicators to assess the effects of other
sediment pollutants.
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Phytoplankton Populations

SOLEC Indicator #109

Assessment: Mixed

This assessment is based on historical conditions and
expert opinion. Specific objectives or criteria have not been
determined.

Purpose

This indicator involves the direct measurement of
phyto